Abstract. It is shown that an antisolar peak can clearly be detected in backscattered near-infrared reflectances from deep convective cloud tops. This peak should be caused only by regularly faceted ice crystals, primarily columns and plates, rather than rimed or irregular particles. Using 13 years of AVHRR (Advanced Very High Resolution Radiometer) data, the average peak stands 22% above the background for sampled clouds having brightness temperatures below 220K; the implied mean contribution of pristine crystals to total ice surface area, based on a published model, is
Introduction
Clouds play a dominant role in regulating Earth's energy budget, and are a necessary first step on the way to rain formation. Cloud radiative properties and rainfall amounts are sensitive to microphysical characteristics such as particle size and shape and, of course, to macroscopic characteristics such as coverage and lifetime. Unfortunately, we are very far from being able to predict how these quantities will vary as a function of the meteorological conditions under which clouds form. These conditions include the thermal and wind structure of the atmosphere, and the loading of CCN and IN particles.
One obstacle is the difficulty of observing details deep within cumulus cloud systems, either with satellite or in-situ instrumentation. In-situ observations have been critical in establishing the rich microphysical behavior in clouds, but aircraft sampling has so far fallen far short of what is demanded by the huge natural variation on all length and time scales. Very little information is available from deep convective cores, for example, despite their central importance in generating Earth's blanket of high clouds.
One type of information that would presumably be helpful is global information on ice particle shape. A wide variety of shapes can occur, depending on the environmental conditions. We may expect certain aspects of particle shape to be directly related to glaciation processes thought to be central to determining precipitation, electrification, and cloud-top crystal size and albedo. In this paper I present a potentially useful observable, the antisolar peak in nearinfrared reflectance, and argue that an "AS index" quantifying this peak can be taken as a space-based retrieval of the amount of ice that occurs in classic, hexagonal forms.
The antisolar peak and crystal habit

Principles
Ice particles grown from vapor under controlled conditions tend to adopt hexagonal crystalline shapes that reflect the structure of the basic ice lattice. At low vapor supersaturations plates or columns occur, while at higher super-saturations, more complex shapes such as hollow columns, dendrites and irregular polycrystals will be favored [e.g., Magono and Lee, 1966 , ; see also Heymsfield and McFarquhar 2002] . The structure that results can depend on that of the original nucleus itself, which is quite different between (for example) natural clay nuclei and silver iodide [Bailey and Hallett, 2003] . Frozen droplets probably serve as the nuclei for most ice particles in deep clouds. Water droplets freeze initially into quasi-spherical particles with significant bulges or other irregularities [Koenig, 1963; Braham, 1964] ; subsequently, especially at lower temperatures, rosettes or double planar polycrystals will often grow from these droplet nuclei depending on their initial crystalline structure [Jiusto and Weickman, 1973] . Though the branches or attachments of such polycrystals may be randomly oriented, each attachment often possesses regular facets oriented at the characteristic 90 and 120 degree angles just as in simple crystals. For general discussions of ice crystal growth, and more complete references, see Pruppacher and Klett [1997] or Jiusto and Weickman [1973] .
Observations, however, show that most ice particles in natural clouds are not recognizably faceted crystals at all, but are instead irregular, lumpy, and/or quasi-spherical. These observations come mainly from mid-or high-latitude cirrus and cumulus clouds, typically finding fewer than 10% of particles to be regular [e.g., Korolev et al., 1999 Korolev et al., , 2000 . Lumpy or quasi-spherical particles presumably have either frozen recently from droplets, or experienced significant riming since they froze. "Irregular" particles (a vague term) can result from a variety of processes including aggregation, riming, and/or vapor deposition under conditions that change during growth. Indeed, riming of a crystal even early in its lifetime can lead to persistent "birth" defects in its subsequent growth. Typically, deep cumulus clouds with significant updraft velocities will loft supercooled water to at least the ¡ £ ¢ C level, and sometimes all the way to about ¥ ¤ § ¦ C, the approximate temperature at which homogeneous freezing begins. In these clouds rain is thought to be initiated most often through the ice phase by large graupel. Thus, it is not clear whether vigorous deep cumulus clouds should have any pristine faceted crystals whatsoever, or how their habit distributions should compare to those of clouds formed under less violent conditions. At present, observations from convective cores are almost totally lacking.
It has long been recognized that different particle shapes will yield different angular distributions of scattered light, quantified in radiative transfer by the particle phase function [Liou, 2002] . Extrema in the phase functions for liquid and ice crystals give rise to the well known phenomena of haloes and rainbows from ice and liquid water particles respectively. The© § and degree haloes arise from refractions involving two side planes or one side plane and one basal plane, respectively, of a hexagonal-prismatic ice crystal. A lesser-known feature of scattering at large size param- eters is the phenomenon of sharp peaks in the antisolar direction (scattering angle©
). This occurs with spherical scatterers due to a relatively well-known glory phenomenon involving surface wave effects on the sphere, often observed in liquid water clouds and potentially useful for remote sensing of cloud properties [e.g. Spinhirne and Nakajima, 1994] . However, small deviations from sphericity are sufficient to eliminate the glory [Mishchenko and Lacis, 2003] , making it very unlikely in ice particles [see, however, Sassen et al., 1998 ].
In faceted ice crystals an antisolar peak arises simply from internal reflections between perpendicular facets (see Figure 1) . If the crystals are oriented, this gives rise to the so-called anthelic or antisolar arc [see Chapter 3 of Greenler, 1980] , but in the case of random crystal orientation will only give rise to a single peak at© ¡ ¦
. An example phase function for 3.7-micron scattering from hexagonal ice crystals is shown in Figure 2 . The peak at ¡ ¦ is well documented at visible wavelengths, though usually noted only briefly (if at all) in previous crystal scattering calculations based on geometric optics. It was finally discussed in detail by Borovoi et al. [2000 Borovoi et al. [ , 2002 . It occurs most strongly for thick plates due to the relatively large basal surface area, but is also prominent in most other faceted habits including dendrites and columns. Bullets will make a weak contribution since they have at most one small basal facet, while hollow crystals and thin needles will make none since they lack basal planes. Modest irregularities such as those resulting from riming by droplets are sufficient to eliminate the antisolar peak [Macke et al., 1996; Liou, 2002] , and the peak can be broadened by surface roughness effects of ice [Yang and Liou, 1998 ].
Particle size affects the antisolar peak in two ways. At any given visible or IR wavelength, particles with larger facets Figure 2 . The 3.7 m phase function calculated by Minnis et al. [1998] for their T40 case (effective diameter 68 m) based on columnar crystals. Data provided by P. Minnis.
produce narrower peaks due to decreased diffraction. But at near-IR wavelengths, absorption is significant. This means particles beyond a certain size will produce rapidly weakening antisolar peaks due to the longer photon path lengths through the particle. Near 3.7 m the imaginary part of ice's refractive index is about 0.0078 [Warren, 1984] , which implies an ¡ -folding energy penetration depth of about 40 m. The strength of the peak will diminish rapidly as the short dimension of the particle becomes comparable to or larger than this.
Its habit dependence makes the antisolar peak interesting for diagnostic purposes, since it occurs only with particles that have grown substantially by vapor deposition at low to moderate supersaturations while avoiding significant riming. I will show that this peak can clearly be observed from space at near-infrared wavelengths, albeit (with present observing capabilities) only climatologically through a massive compositing effort. The peak is neither predicted nor observed at visible wavelengths, even though it is prominant in the single-scatter phase function. This is because the lack of absorption leads to intense multiple scattering, which smears out all sharp features in optically thick cloud targets (though the peak may be detectable in thin cirrus, this was not attempted here and would probably require simultaneous on-and off-peak observations). At near-infrared wavelengths, more modest single-scattering albedos (¢ ¤ £¥ ) allow a significant peak to remain in the backscattered field, even from optically opaque clouds, albeit much weaker than in the phase function of an individual particle. Since most near-infrared photons only penetrate a few optical depths into a cloud, and only very high-altitude clouds are studied here whose tops occur at , liquid water should make no significant contribution to backscattered radiances even with droplets surviving to the homogeneous freezing temperature (see Sherwood [2002] for further discussion). Thus it is assumed that antisolar peaks observed here are due entirely to ice particles.
The reader may realize that, in principle, scattering from a cloud of objects can cause an antisolar peak even if the individual objects do not possess a peak in their phase function, since the shadows cast on deeper objects by shallower ones are all obscured from view if the collection of objects is viewed from the same direction as the illumination, but not when viewed from any other direction. This opposition or "hot spot" effect is well-known in remote sensing of vegetation and other surface features. However, it cannot be important here. The amplitude of the "hot spot" is never greater than twice that of the background, while the its halfwidth equals the ratio of the size of an individual scatterer to the extinction depth of a photon entering the media [Hapke, 1986] . For ice clouds the width of this peak is therefore about ¡ ¤ radians, making it negligible when smeared out by the finite angular widths of the solar beam and detector.
Peak detection and quantification in cold clouds
The antisolar peak is detected via a straightforward extension of the methodology of Sherwood [2002] using the same data, a 13-year record of AVHRR (Advanced Very High Resolution Radiometer) 3.7-m radiances. While that study was limited to "cumulonimbus" clouds-defined on the basis of 11-m brightness temperature ¦ § ¡ K-the current study will extend this somewhat to improve sampling. To summarize the methodology, individual pixel reflectances were computed as
where ! is the instrument-weighted, downward top-ofatmosphere solar flux at the target location;
is the observed calibrated radiance, and 2 5 4 H D is the instrumentweighted Planck function. The 7 K offset in cloudy emission between the two wavelengths is an empirical value; for cold clouds, emission is small compared to reflection anyway. The reflectances were further adjusted by removing changes in mean reflectance over time (due mainly to satellite calibration drift), and were corrected empirically to nadir equivalent using a coarse empirical BDRF (Bi-Directional Reflectance Function, the dependence of reflectance on solar and satellite positions relative to the target). See Sherwood [2002] for further details. This BDRF is too coarse to resolve the antisolar peak itself (see below). The purpose of the adjustments was to reduce noise and enhance the detectability of the peak.
The adjusted reflectance data for all tropical "Cb" (¦ The antisolar peak is clearly evident, indicating the presence of pristine ice at least some of the time. Since the (one-sided) width at half maximum of the antisolar peak is approximately 2.5 degrees, only about 0.3% of the available observations fall into this peak. A straight line is fitted to points with¡
, to quantify the total strength in the peak relative to the "baseline" reflectance obtained by extrapolating a second line fitted to the reflectances at
is taken as an index of the occurrence of crystals with perpendicular facets, which I call the "AS index;" a value of 0 indicates no peak and no appropriate crystals present. For the data in Figure 3 , the index is 0.217
.02, with most of this uncertainty arising from uncertainty in quantifying the peak in the BDRF rather than sampling uncertainty in the BDRF itself.
Of relevance to this, note that there is a downward trend in the observed baseline reflectance. This is an artifact of the normalization by the empirical BDRF, which spreads out observations near the peak over a relatively wide range ofv alues. This trend is absent from the raw reflectances. With raw reflectances, however, the results are noisier because of uncontrolled reflectance variations with varying zenith angle for a given¨. These are removed by the normalization. The AS index value differs little with and without the normalization procedure, when all data are included, but the precision of peak detection improves with normalization for smaller datasets.
Converting the AS index to area percentage of perpendicularlyfaceted crystals requires a radiative transfer model and some assumptions about crystal shape. To simplify, I assume that the strength of this peak, as measured by the AS index, will be linearly related to the surface area fraction of hexagonal crystals :
where "mod" indicates a model calculation for an optically thick cloud of pure hexagonal crystals. I employ the calculations of Minnis et al. [1998] , based on columnar crystals as studied by Takano and Liou [1989] having aspect ratios ranging from 1:1 (for smaller particles) to 4.7:1 (for the largest particles), in a cloud of optical depth 16 (results are nearly identical with greater optical depths). The results from this model-sampled and treated in a manner equivalent to what was done with the data-is also shown in Fig Minnis et al. [1998] , sampled only at scattering geometries observed by the AHVRR. Each plotted point is the reflectance calculated for a particular geometry on a mesh of 21 ! values, 21 satellite zenith angles, and 24 azimuth angles. both model and observed adjusted BDRFs, and using (2), one obtains a figure of ¡ ¤ 0 % for percentage of faceted crystals. The estimated uncertainty includes some additional error due to differences in the peak shape between the model and the data. Further, since the size of the peak depends on the aspect ratio of the columns/plates, and will differ somewhat for dendrites, bullets or polycrystals, the surface area fraction derived here is subject to additional (as yet unquantified) errors. Thus, while the AS index values here may be regarded as fairly precise estimates, our quantiative interpretation of them as faceted crystal area fractions must, for a variety of reasons, be regarded as a rough estimate. Spatial variations in AS should nonetheless indicate similar variations in pristine crystal fraction if, as argued in the next section, the observed variations are dominated by meteorological differences in the behavior of the liquid phase and riming, rather than qualitative variations in the habits resulting from vapor deposition.
Physical interpretation and comparison with other observations
The accuracy of the above retrieval is hard to test, due to qualitative and quantitative limitations in the available data. Another potential problem is that observational studies typically sample anvil outflows at various (preferably safe) distances from the generating deep cumuli. The crystal habits in such clouds may have changed significantly from those deeper in. However, examination of our data at various brightness temperature values did not suggest significant changes. The mean AS index varied by only a few percent between clouds of
K, for example. Further, stratification of the relatively warm pixels on the basis of albedo (which should distinguish very deep but optically thinner cirrus from less deep, but thicker cumuli) did not show significant differences from the colder data. Thus, our results should be comparable to those from in-situ samples of deep cumulus outflows, subject to sampling and instrumental limitations.
Previous penetrations of tropical anvils have indicated a predominance of irregular, quasi-spherical particles with few pristine crystals. McFarquhar and Heymsfield [1996] reported that at least 90% of the particles (by number) observed in CEPEX (Central Equatorial Pacific Experiment) anvil outflows were irregular quasi-spheroids; qualitatively similar results were noted by [Knollenberg et al., 1993] in cirrus outflows near northern Australia. The CEPEX number ratio is not far from the ¡ ¢ % area ratio retrieved here for that region. Other aircraft penetrations of tropical clouds have revealed the existence of trigonal plates and columns in thin cirrus over the tropical Pacific [Heymsfield, 1996] and large plates near Cb tops over Panama [Knollenberg et al., 1982] , but were unable to quantify habit distributions.
The best quantitative test comes from the recent CRYSTAL-FACE field campaign in Florida during July 2002. In this mission the NASA WB-57 carried several cloud probes including the Cloud Particle Imager (CPI), capable of generating 2-D images of particles down to sizes of 5-10 microns [Lawson et al., 2001] . Using an automatic scheme, the images can be classified as plates, columns, large irregular, small irregular, or spheroids. Of all ice detected (a total of 150 in-cloud minutes over eight flights, in the south Florida region), plates and columns accounted for 7.9% of total surface area 1 . The mean surface area fraction implied ¢ ¡ £ ¡ ¥ ¤ m, we obtain 15.1%, which is outside the uncertainty of the spacebased retrieval. On the other hand, even hexagonal particles will not conby our AS index in the south Florida area (see below), for comparison, is @ £ ¢ %, well within uncertainty of the CPI value. The number fraction from the CPI was 6.3%, implying that regular crystals were about 20% larger on average than the irregular ones; if this was also true in CEPEX, it brings our discrepancy with the McFarquhar and Heymsfield [1996] figure down to about 20% relative error which is well within both the absolute uncertainty and the large variability we see in that region. Unpublished CPI data from flights near Kwajelein indicate similar or somewhat higher percentages of regular crystals as the Florida flights, although data quality was a problem in those flights (P. Lawson, personal communication) .
Other space-based techniques have been applied to the problem of ice habit determination, though focusing primarily on stratiform rather than cumulus clouds. The closest to this study is that of Bréon and Dubrulle [2004] , who examined the specular (subsun) scattering peak which arises from horizontally oriented plates. They found that such particles contributed to overall scattering but only weakly ( § 1%). Earlier, Chepfer et al. [2002] and Chepfer et al. [1999] used dual and multi-angle visible or near-infrared reflectances to exploit broad angular reflectance information by comparing with a priori predictions based on various candidate particle shapes. Similar information on horizontal orientation of anisotropic particles can be obtained from radar polarization [Wolde and Vali, 2001] . Chepfer et al. [1999] found that a fairly high (¢ 40%) percentage of clouds possessed detectable traces of horizontal crystals, a result confirmed by Bréon and Dubrulle [2004] . Horizontally oriented crystals should largely be vapor-grown, since the flat or oblong shapes capable of orienting preferentially also tend to grow from vapor, while riming tends to produce more quasispheroidal particles. The one to two order-of-magnitude increase in crystal percentages found here compared to Bréon and Dubrulle [2004] is likely due to weak orientation of crystals (orientation is required to produce a subsun peak, but not an antisolar peak), though it may also be due in part to differences in cloud types examined, to greater multiple scattering at visible vs. near-IR wavelengths, or to contributions to our results from columns or bullets.
In summary, the data are consistent with our model-based interpretation of the AS index as a measure of pristine crystal area, though the constraint is not strong. Importantly, the CRYSTAL-FACE CPI data indicate that concentrations of spheroidal particles are far more variable than those of regular crystals. This observation, and the preponderance of lumpy particles collected by McFarquhar and Heymsfield [1996] , strongly suggest that any variations in our data are due mainly to variations in the amount of graupel, frozen tribute to a sharp antisolar peak if they are very small, so the 7.9% figure may be more appropriate for comparison even if classification errors were significant. droplets, or other lumpy particles, rather than changes in the number or shape of the vapor-grown particles themselves. However, we should remain open to the possibility that some reductions in AS index arise due to the appearance of hollow crystals or others lacking perpendicular facets; we must also bear in mind that not only simple columns and plates, but also complex polycrystalline particles or bullets, can have perpendicular facets and thereby contribute to the antisolar peak. To go beyond the tentative retrievals here, future investigators may want to perform forward calculations of the AS index starting from predicted or observed habit distributions.
Geographic variations
It is possible, within limits, to produce a global map of the AS index. The problem is that because the required viewing geometry occurs rarely, very large amounts of data are required, which causes estimates in most places (except where there is abundant deep convection) to be noisy even though we have 12 million data points overall. As a consequence, only the annual mean is shown. Also, to improve precision, I expand the brightness temperature threshold to 220 K. This is still cold enough to ensure that all clouds sampled are deep, optically thick anvils or cumulonimbus, and that no liquid water contributes to the signal. Maps were (though noisier) fairly similar when composed of either subset (not shown) with a pattern correlation of 0.60, suggesting that our map should be fairly representative of deep cumulus clouds or fresh outflows.
To produce the map, the data are partitioned into boxes of 5 degrees latitude by 10 degrees longitude, and the above analysis repeated for the data inside each box. To improve precision, I constrain the linear fits for¨ ¡ @ @ £ ¢ to intercept the background at the same¨value as the overall fit, which reduces the number of parameters; though this means variations in peak width cannot be obtained, I found no evidence of any important variations in the data. The sampling uncertainty within a subset may easily be quantified: I assume a number of degrees of freedom equal to one-half the number of pixels collected at¨
, conservatively allowing for redundancy of neighboring samples 2 . Uncertainties reported here are due only to sampling; since the same range of¨is used to fit lines for all data subsets, uncertainty due to arbitrariness of this choice is not included in this section. The uncertainties are calculated assuming a Gaussian error process, so they may underestimate somewhat the true uncertainty if the errors are highly skewed.
Note that the antisolar peak (viewed when the instrument ), lower legend the area fraction of ice crystals with perpendicular facets based on the radiative transfer calculations of [Minnis et al., 1998 ]. The two highest values in the Atlantic region are actually above 0.8 (see Figure 5 ), but have been truncated for display purposes.
looks directly toward its shadow) can be observed only at latitudes somewhat north of the solar declination latitude, due to the orbit orientation of the NOAA satellites. Thus, the available data appear in bands that shift latitudinally with the seasons and are mostly confined to the tropics, especially in the southern hemisphere. Keep in mind that data in most areas are biased toward the summer season (in the subtropics) or during the transition seasons (in the deep tropics), to an even greater extent than deep convection itself tends to prefer those seasons.
The results appear in Figure 4 . The patterns are somewhat variable, though coherent and showing smooth variation in regions of good sampling near the major convective centers. Most of the boxes differ from the mean at 95% significance, which would not happen by chance. Although most AS index values above 0.5 occur over oceans, giving the impression of more pristine ice over oceans, these are not representative, and the mean over all oceans is actually no higher than over land (a result also obtained by Bréon and Dubrulle [2004] from specular scattering of oriented plates). Instead, the variability is greater over oceans. This can be explained by the greater sampling errors associated with smaller sample sizes typical over oceans, though we cannot rule out genuinely greater variability. ate or low ratios, as mentioned earlier in comparison with equally low in-situ data from that region.
An interesting feature of the geographic variations is that the distribution is skewed ( Figure 5 ). The positive skewness does not result from any artifact of the fitting procedure (which is essentially linear in near-antisolar radiance, since variations in the baseline reflectance are small and do not account for the observed AS index variations). Nor has truncation of any kind has been applied to the data at any stage. The skewness must reflect the underlying variability of pristine ice. In other words, most clouds must have extremely low fractional area of pristine ice (perhaps closer to 5%), while a few clouds have a very high fraction. In light of the discussion of in-situ data, this means that a few clouds have very low concentrations of graupel or frozen droplets, while most have large amounts. The graupel-deprived clouds do not occur at random, but prefer certain regions, though the reason remains unclear.
Implications
Mixed-Phase Microphysics
The development of faceted crystals requires growth by vapor deposition at modest supersaturations. By the time the homogeneous freezing temperature is reached in a tropical cumulus cloud, the saturation vapor mixing ratio is less than one percent of the adiabatic cloud water content. Thus, if no precipitation occurred up to this level, only slight additional growth of the frozen droplets by vapor deposition would be possible and we would expect a cloud full of lumpy round particles with a AS index of essentially zero. This dilemma is not resolved by heterogeneous freezing at a warmer temperature, since even at ¡ £ ¢ C, only about 7% of the vapor in a boundary-layer parcel remains uncondensed. Clearly, significant removal of condensed water must occur before or soon after the onset of glaciation, so that most water is still in the vapor phase. In a monodispersed cloud, this would require that liquid content be reduced to no more than C [Rosenfeld and Woodley, 2000] . This suggests that pristine ice occurrence should be susceptible to variations in glaciation temperature or warm rain efficiency.
This picture becomes more complicated when mixedphase cloud processes are considered, such as ice multiplication, aerosol freezing, riming and coalescence. These processes can change particle numbers, broaden the size spectrum, and introduce new particle types. Rather detailed modeling would be required to sort out consequences for the AS index. However, it seems reasonable to take guidance from the simple scenarios in which increases in AS index require more efficient precipitation prior to glaciation and/or earlier completion of cloud glaciation, in order to maximize (on average) the ratio of ice deposited directly from the vapor phase to that condensed from liquid. At the same time, excessive supersaturations may also tend to depress the AS index by promoting habits without basal facets.
Comparison with MODIS cloud phase
Based on the above reasoning, we would anticipate a correlation between cloud glaciation temperature and AS index, with more rapidly glaciating clouds producing fewer "junk particles" and (percentage-wise) more pristine crystals. Even if habit variations play a role in the AS index variations, pristine hexagonal growth should be more prevalent at the lower relative humidities triggered by earlier elimination of supercooled water, leading to the same expected correlation.
To test this, MODIS data have been used to generate an "ice fraction" parameter. We use the Aqua MODIS Level 3 monthly-mean statistical product, available on a 1-degree rectangular grid, from July 2002 through June 2003. Among the many statistics available in this product is the joint distribution of retrieved cloud temperature and optical thickness, computed separately for clouds retrieved as ice and those retrieved as liquid water (clouds whose phase was retrieved as mixed or indeterminate were not included). The ratio of the number of ice clouds detected to the total detected (ice plus liquid) is computed here as the "ice fraction." The global mean ice fraction for optically thick clouds, as a function of cloud temperature, ranges from about 0.6 at 267 K to about 0.95 at 235 K. This trend is as expected, except the value at the warm end of the range is too high, and may reflect contamination of some phase retrievals by overlying cirrus.
To try to isolate growing cumulus clouds at intermediate mixed-phase temperatures, we restrict our attention to clouds of optical depth greater than 20, and temperatures from 255-265 K. Obviously these are not severe storms, at least at the time of observation, but are shallower cloud systems. Some may be on their way to developing into thunderstorms, while others are mid-level systems. The annual mean ice fraction of these clouds is given in Figure 6 . The first thing one notices is the large change from tropics to poles, with warmer/moister regions producing more glaciated clouds. However, though the tropics as a whole are mostly glaciated, patterns do emerge within the tropics.
The dominant pattern, unlike in the AS index map, is one of land-ocean contrast. Maritime clouds are nearly all glaciated by the time they reach about ¡ £ ¢ C, while continental clouds are often not glaciated at this temperature. This agrees with previously reported in-situ observations from both shallow and deep convective clouds, making it more puzzling that the pattern is not clear in the AS index. Even the variations within land or ocean areas do not correlate, forcing us to reject the hypothesis that cloud glaciation temperature is an important driver in determining the ratio of pristine to "junk" ice at cloud top.
Maritime convection is known for weaker updrafts and cleaner air. Both of these factors (the former through reduced supersaturations) should lead to fewer activated CCN and nucleated droplets, and larger sizes achieved by those droplets that are nucleated. In turn, larger droplets can spur more rapid glaciation either through the direct dependence of freezing temperature on drop size, or the ability of large drops to participate in the Hallett-Mossop ice splintering processes. These factors almost certainly account for the land-ocean contrast in cumulus cloud phase, and probably account also for the gradient from tropics (where high moisture will lead to large droplets, all other things being equal, by the time 0 C is reached) to the poles (where cold dry surface air need be lifted only slightly if at all to reach -15 C and will grow much smaller droplets). The odd thing is that early glaciation of clouds does not, in general, appear to lead to the increase in AS index that we expected.
The possiblity of ice nuclei affecting cumulus glaciation arises, although recent modeling efforts suggest that unrealistic IN concentrations would be required to compete with other glaciation mechanisms in a deep cumulonimbus [e.g., Phillips et al., 2004] . Our cloud phase distribution seems to bear this out, since known regions of significant IN sources [the Sahara desert for example, see DeMott et al., 2003] do not seem to produce any noticeable increase in glaciation.
Other possible factors
Aside from cloud glaciation temperature, the other variable that might influence pristine ice growth is the efficiency of liquid water removal by the warm rain process. Less condensed water means the vapor that condenses later makes up a greater fraction of the final ice mass, for a given glaciation tempeature. However, we expect warm rain efficiency to be governed by the same factors that govern glaciation: large droplets will initiate warm rain more effectively than small ones. Indeed, the warm rain process has long been assumed to have a land-ocean contrast similar to that exhibited here by cloud phase. Previous studies have identified large graupel at high levels in continental clouds much more frequently than in maritime ones [e.g. Petersen and Rutledge, 2001] . The failure of the AS index to show a strong land-ocean contrast is thus doubly puzzling.
The final factor that might be important is the growth habit. It is possible, despite the arguments to the contrary given in Section 2.3, that varying conditions allowing for hexagonal growth in some regions, but hollow or polycrystalline forms in others, is dominating our climatological patterns. One problem with this idea beyond those noted already is the failure of cumulus penetration height (which should be a reasonable proxy for updraft intensity and therefore for updraft supersaturation) to show any relationship to AS index, although this proxy relationship is unproven and may be weak.
Fishing for other factors showing an empirical relation to crystal index did not turn up anything. Correlations with effective diameter, aerosol optical depth, and cloud top temperature are insignificant, for example.
Radiative Transfer
Current models of radiative transfer typically rely upon highly simplified assumptions as to ice particle shape. Often, ice particles are assumed to be spheres, or a collection of pristine crystal habits. This is probably not an important shortcoming for computing radiative fluxes or heating rates, which can be well simulated by spheres (and presumably, other shapes) if their size distribution is chosen properly [see Grenfell and Warren, 1999] . However, for remote sensing or other applications involving measured radiances, peaks in the angular distribution of backscattered radiation can be a problem. For example, the current MODIS cloud retrievals employ smooth scattering models from which the antisolar peak is almost completely absent, which will lead to errors when the satellite is looking very near its shadow. On the other hand, this will affect very few observations for scanners in typical orbits, and given the magnitude of the peak reported here, these errors will usually not be any larger than those due to crude treatment of cloud geometry and neglect of crystal orientation, each of which also affects far more observations.
Of greater concern, as noted by Borovoi et al. [2000 Borovoi et al. [ , 2002 , is the impact on backscattering lidars, where all observations are collected in the "antisolar" direction. Our results indicate that lidar retrievals of cloud optical density may be somewhat sensitive to ice crystal habit variations, since a strong antisolar peak will cause a cloud parcel having the same volumetric extinction to backscatter up to (in extreme cases) twice as much light. The antisolar peak at visible wavelengths used in lidars may even be stronger than in the near-IR data reported here; this is due, first, to the absence of absorption at visible wavelengths and, second, to the relatively weak contribution of multiple scattering to range-binned, active lidar returns (as opposed to the reflectance of steady illumination). The impact of crystal habit on lidars would appear to deserve further study.
Conclusions
The "AS index" described here quantifies a backscattering peak in near-infrared reflectance, which I tentatively interpret as an indication of the fraction of total particle surface area contributed by planar ice crystals with perpendicular facets-including hexagonal and dendritic plates, solid columns, and polycrystals with these forms as components. Available data from deep cumulus and convective outflows suggest that most ice not contributing to the AS index consists of lumpy particles that have experienced little depositional growth since they last rimed or froze from liquid droplets. This suggests that the AS index should be viewed as a measure of the amount of overall vapor deposition directly to the ice phase, as opposed to condensation plus freezing. This makes it a potentially valuable diagnostic for microphysical development in storms. It is possible, however, that variations in supersaturation may interfere with this interpretation by creating variations in the amount of hollow or dendritic vapor growth forms, which would contribute much less to the antisolar peak than solid columns and plates of similar area.
Previous work on remote sensing of ice habit information has focused largely on observing horizontal orientation [Chepfer et al., 1999; Wolde and Vali, 2001 ], which may not reflect the same microphysical variations in the generating cloud (short columns or thick plates would not orient but would generate a strong antisolar peak, for example, while rime-coated elongated particles would orient without producing a peak). Future comparison of results from these techniques will be interesting.
Overall, we find a mean antisolar peak that (at¨© % pristine ice by surface area. Opportunities for "validating" this retrieval are rather limited. Local values are consistent with in-situ data from the CRYSTAL-FACE and CEPEX field programs, but limited sampling and uncertainties in classifying particle shape limit how confident one can be in claiming success. Our pristine ice percentages are susceptible to uncertainties in the aspect ratios and habits of the responsible crystals.
One interesting new feature is that the AS index is positively skewed, with some locations (having relatively small sample sizes) showing up to 75% pristine ice. No corresponding outliers occur on the low side; we must conclude that most deep clouds possess even less than the (already low) average fraction of regular crystals, while a few exceptional cases possess much larger fractions. In-situ data suggest that the best interpretation of these exceptional cases would probably be that they are uncommonly bereft of graupel or other irregular particles, rather than unusually rich in plates or columns.
One expects more pristine ice (or less graupel) in clouds with more efficient mechanisms (either warm rain or rapid glaciation) for removing liquid water. However, comparison of the AS index with cloud phase data from MODIS does not seem to bear out this expectation. While clouds clearly glaciate earlier over oceans, AS index is no higher in these areas, on average. Nor does the AS index appear to be related in any simple way to efficiency of warm rain production, effective ice size near the top of the cloud, aerosol loading, storm intensity, or presumed sources of ice nuclei (deserts). Nonetheless, coherent patterns of variation do exist including a maximum over the central Pacific and Atlantic ITCZ, and minima in the deep interior of South America and through most of North America and the Caribbean.
In view of the failure of these other explanations, I suggest that the variations observed here arise due to geographic variations in mesoscale storm structure, in which case "parcel thinking" alone will not explain them. The formation and growth of ice particles (hail, for example) can be very complicated and depend on the three-dimensional storm structure (mesoscale updraft and downdraft arrangement) and the ability of falling particles to recycle through updrafts. While one might have hoped that such details would "average out" and lead to mean behavior that is determined more by straightforward microphysical parameters, we do not appear to be so lucky, although it is still possible that some undetermined aspect (e.g., shape) of the CCN spectrum or low-level thermal structure will prevail as an important and relatively straightforward influence. Further work testing the interpretations given here as to the antisolar peak may also shed light on this.
It is also hoped that future studies will be able to identify key macroscopic characteristics that ultimately control the antisolar peak. Currently, even the most detailed cloud models do not distinguish the initial frozen mass of an ice particle, its subsequent mass added by deposition, and that added by riming, typically assuming that all ice crystals are hexagonal prisms until riming sufficiently to be reclassified as graupel. This makes forward simulation of the antisolar peak impossible at the present time, though perhaps not in the near future.
Regardless of what accounts for them, the evident variations in the intensity of the antisolar peak may present a problem for lidar retrievals of ice cloud optical density. Lidars usually observe exclusively in the "antisolar" direction, relying upon assumed (empirical) ratios of backscattering to absorption. Further understanding of the antisolar peak may be important in improving the accuracy of their extinction estimates.
In principle, further progress could be made by applying the approach here to other satellite platforms in a similar fashion. Sampling issues are daunting, particularly for Cb which have sparse coverage. But near-simultaneous observations from multiple satellites at different angles, particularly employing one in L1 orbit, could significantly improve this. A future instrument similar to MISR (the Multiangle Imaging SpectroRadiometer) but carrying a near-infrared camera would lead to breakthroughs in the ability to characterize cloud particle shapes. More complete knowledge of ice nuclei and CCN distribution in the atmosphere would also be necessary to further examine that particular hypothesis for explaining the current results.
